0 , N-tetraacetic acid; fluo3-AM, fluo3 acetoximethylester; FITC, fluorescein isothiocyanate; PI, propidium iodide; DAPI, 4 0 , 6-diamidino-2-phenylindole; JC-1, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolyl-carbocyanine iodide; OD, optical density; BAPTA-AM, bis-(o-aminophenoxy)ethane-N,N,N 0 ,N 0 -tetraacetic acid, tetra(acetoxymethyl) ester.
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Introduction
Intervertebral disc degeneration (IDD) is the main cause of lower back pain, which carries a financial and health burden to the individual and to society because of its high level of morbidity. However, the mechanisms of IDD are unclear, and remain to be elucidated. Recently, IDD has been suggested to associate with a series of physiopathologic changes in nucleus pulposus (NP) cells, especially macroautophagy (hereafter autophagy). 1, 2 Autophagy was elevated in degenerated, aged and diabetic rat discs, and autophagy could be activated by starvation in disc cells. [3] [4] [5] [6] An increasing number of researches have suggested that appropriate autophagy might play a central role in IDD by regulating the adaptation of disc cells under stress. 7 NP cells, which are embedded in a special gelatinous tissue, are affected by various hostile stresses of their microenvironment, leading to the above changes. 8 Reaction and adaptation of NP cells to hypoxia, starvation, abnormal mechanics and acidic environments have been reported in multiple studies; 6, [9] [10] [11] however, the effect of hyperosmotic stress on the cells is yet to be interpreted.
Osmolality of the extracellular matrix (ECM) around NP cells is controlled by 2 such factors: the concentration of proteoglycans and the loading on the disc. 8 On the one hand, owing to the high concentration of negatively charged proteoglycans controlling ionic composition in the ECM, 12 ,13 the high density of fixed charge increases the osmolality which ranges between 450 to 550 mOsm, according to Urban et al. 14 On the other hand, the osmolality can be upregulated when the disc undergoes extended static compression or continuous cyclic loading, which leads to the outflow of liquid and the increase in proteoglycans in NP. 8 Taken together, these studies show that NP cells have to contend with a hyperosmotic environment that changes dynamically due to changes in loading and matrix composition. However, how NP cells can survive in such hostile environments and what cellular adaptations they use remain unclear.
Hyperosmotic condition exerts an influence on apoptosis, metabolic activity, protein synthesis and even chromatin condensation in chondrocytes and NP cells. [15] [16] [17] Apoptosis is activated in porcine chondrocytes by a medium with an osmotic pressure of 600 mOsm, via the mitogen-activated protein kinase (MAPK) pathway. 16 However, autophagy, another type of programmed cell death, has not been reported in NP cells subjected to hyperosmotic stress. As a self protective mechanism, autophagy degrades dysfunctional cellular organelles and excess proteins by fusing with lysosomes and using the lysosomal enzymes, maintaining homeostasis within cells exposed to various stresses. 18, 19 Microtubule-associated protein 1 light chain 3 (LC3) and Beclin-1, which participate in the autophagy process, are usually regarded as markers of autophagy, 20 while, Sequestosome-1 (SQSTM1)/p62 is selectively degraded by autophagy, reflecting the accumulation of protein aggregates and the degree of autophagy activation. 21 In order to protect cells from hostile stimulation, autophagy activation occurs in cells exposed to various types of stress. In one study, activation of autophagy inhibited the apoptotic percentage of rat annulus fibrosus cells treated with serum deprivation. 6 A high glucose medium promoted autophagy by inducing oxidative stress through mitochondrial damage in rat notochordal cells, 22 while compressive loading activated autophagy by reactive oxygen species in rat NP cells. 23 Given the role of autophagy in dealing with stress, we hypothesized that autophagy could be adaptively enhanced by hyperosmotic stress to address the stress. Hence, in order to demonstrate the protective role of autophagy, we considered cell viability and apoptosis regulated by hyperosmotic stress in the present study.
Recently, emerging evidence has suggested a relationship between autophagy and intercellular Ca 2C , although the results are conflicting. 24 Several Ca 2C -mobilizing agents and the endoplasmic reticulum Ca 2C ATPase inhibitor thapsigargin were shown to increase autophagy via the intercellular Ca 2C -dependent mechanism. [25] [26] [27] Furthermore, the influx of Ca 2C was associated with AMP activated Protein Kinase (AMPK) and mammalian target of rapamycin (mTOR), which are the crucial proteins in the pathway regulating autophagy. [27] [28] [29] In this study, we set out to explore the stimulatory role of hyperosmotic stress on autophagy, and the underlying mechanism related to intercellular Ca 2C , AMPK and mTOR in rat NP cells which were accurately called as notochordal cells in young rat discs. The detailed protective role of autophagy and the effect of hyperosmotic stress on cell viability and apoptosis were also investigated.
Results

Hyperosmotic stress activates autophagy in notochordal cells
To confirm the hypothesis that autophagy may be adaptively increased in rat notochordal cells exposed to hyperosmotic stress, monodansylcadaverine (MDC) staining, LysoTracker staining, and Western blotting for LC3, Beclin-1, and SQSTM1/P62 were used. LC3, Beclin-1, and SQSTM1/P62 are widely used markers for autophagy. As the osmotic pressure of the culture medium increased over 12 hours, the number of acidic granular vacuoles observed in notochordal cells stained with MDC also increased (Fig. 1A) . Because autophagic cytosolic degradation relies on the fusion of an autophagosome with a lysosome to form an autolysosome, LysoTracker Red staining, a marker of lysosomal activity, was also used to detect the autophagy process indirectly. Consistent with the MDC staining, there was an increase in punctate LysoTracker staining in notochordal cells exposed to hyperosmotic stress (Fig. 1A) . When the different figures of the same cells were merged, the MDC staining was found to co-localize to a high degree with the LysoTracker Red staining, suggesting that the increased formation of acidic vesicular organelles was reflected by both staining methods (quantitative analysis shown in Fig. S6A ).
LC3-II expression was significantly increased only in the cells exposed to 600 mOsm stimulation for 6 hours (P < 0.01) compared with control cells, whereas when the treatment time was extended, a dose-dependent increase in LC3-II/b-actin expression was detected (Fig. 1B, C, F) . In addition, the effect of hyperosmotic stress on autophagy reached a peak at 12 hours, with a decline in LC3-II/b-actin at 18 and 24 hours after incubation (Fig. 1D, H) . A similar change in Beclin-1 was found. However, expression of SQSTM1/P62, which was selectively degraded by autophagy through binding to LC3 decreased as the osmotic pressure increased in the medium, showing the opposite tendency to that of LC3-II and Beclin-1 (Fig. 1E, G and H) . Interestingly, when the incubation was sustained for 24 hours, SQSTM1/P62 was significantly degraded even in the cells exposed to 300 mOsm compared with those exposed to 270 mOsm (P < 0.01), suggesting a consistently increased autophagy flux.
To corroborate these findings, we also detected autophagy flux by treating cells with rapamycin and Bafilomycin A1. Western blotting and immunochemistry were used to analyze LC3-II expression. In cells exposed to 500 and 600 mOsm, the distinct puncta of LC3 protein were distributed in the cytoplasm, which was consistent with the finding in cells treated with the classic autophagy activator rapamycin ( Fig. 2A) . By contrast, fewer cells with LC3-positive puncta were observed in the 270 mOsm group (Fig. 2D) . In addition, cells were transfected with LC3B-GFP and observed under confocal microscope (see supplemental materials and methods). Similar trend of LC3b-GFP puncta number was found in transfected cells under different osmotic mediums (Fig. S1) . By analyzing LC3-II expression using Western blotting, both rapamycin-treated and 600 mOsm-treated cells were found to have significantly higher expression of LC3-II/b-actin compared with control cells (P < 0.01) ( Fig. 2B and E) . In addition, an increase in autophagic flux was demonstrated with Bafilomycin A1 treatment, which acted as a inhibitor of H CATPase and impeded the maturation of autophagosomes, leading to the decrease in the conversion of LC3-II to LC3-I. Compared with the cells treated with 600 mOsm alone, cotreatment with hyperosmotic pressure and Bafilomycin A1 significantly increased LC3-II/ b-actin (P < 0.01) ( Fig. 2C and F).
Autophagosomes and autophagolysosomes were observed by TEM, which is a standard method to check autophagy activation. Compared with the cells treated with 270 mOsm, the 500 and 600 mOsm-treated cells exhibited more autophagosomes and autophagolysosomes in cytoplasm (Fig. 2G) .
Involvement of intracellular Ca
2C level in the autophagy activation
Because it has been reported that there is an influence of Ca 2C influx on autophagy in the acidic environment, 24 we speculated that autophagy activation in notochordal cells exposed to hyperosmotic stress might also require the involvement of intracellular Ca 2C concentration ([Ca 2C ]i). As shown in Figure 3 The downstream signaling pathways following Ca 2C influx were explored by analyzing the expression of p-AMPK, AMPK, p70S6K, and P-p70S6K. P70S6K is a downstream target of mTOR, representing the activity of the mTOR pathway. Compared with the 270 mOsm-treated cells, the cells exposed to hyperosmotic stress for 12 hours showed significantly higher expression of p-AMPK/AMPK (p D 0.0535) and significantly lower expression of Pp70S6K/p70S6K (P < 0.05) (Fig. 4A, B) , implying the activation of AMPK pathway and inhibition of mTOR pathway under hyperosmotic stress. Values are the mean § SD , *P < 0.05, **P < 0.01. n D 6. (G) Notochordal cells were treated with 270, 500 or 600 mOsm for 24 hours, and transmission electron microscopy was used to detect autophagosomes andautophagolysosomes. White star, mitochondria; white arrow: autophagosome; white triangle, autophagolysosome.
Moreover, it was found that BAPTA-AM reversed the inhibition of p70S6K regulated by hyperosmotic stress, demonstrating the regulatory role of [Ca 2C ]i upstream of AMPK and mTOR (P < 0.05) (Fig. 4C  and D) .
Silencing of ATG5 inhibited autophagy and induced SQSTM1/P62 accumulation
To further corroborate the protective role of autophagy under hyperosmotic stress, we inhibited autophagy by using RNAi against ATG5, which is a key protein of autophagosome formation. First, reduction of ATG5 protein and mRNA in notochordal cells was validated by Western blotting and Real-time PCR ( Fig. 5A; Fig. S2C and D). Silencing of ATG5 attenuated the increase of LC3-II expression treated with 500 and 600 mOsm medium for 24 hours (Fig. 5B and C) , indicating functional inhibition of autophagy.
However, siRNA-treated cells which were exposed to hyperosmotic stress for 24 hours showed higher SQSTM1/ p62 expression than the 600 mOsm-treated cells and control cells (Fig. 5D) . A similar result was observed using immunofluorescence for SQSTM1/p62 (Fig. 5E) , suggesting that SQSTM1/p62 accumulated in autophagy-deficient cells exposed to hyperosmotic stress (quantitative analysis shown in Fig. 6B ).
Inhibition of autophagy exacerbates apoptosis under hyperosmotic condition
Normal notochordal cells and autophagy-deficient cells were exposed to various osmotic pressures for 24 hours. Cell viability and apoptosis were determined by Cell Counting Kit-8 (CCK-8), 4 0 ,6-diamidino-2-phenylindole (DAPI), and Annexin-V/ propidium iodide (PtdIns) staining. Unexpectedly, we found that osmotic pressure exerted no effect on cell viability, with the exception of the 600 mOsm medium which reduced the optical density (OD) value after 24 hours incubation (Fig. 6A) . Similar results were also observed under phase-contrast microscopy ( Fig. S3) . However, cell viability in the 500 and 600 mOsm groups declined significantly as the incubation time was extended to 72 hours (P < 0.05, Fig. 6A ).
With regard to apoptosis, the percentage of notochordal cells with brightly stained condensed nuclei was significantly upregulated in 600 mOsm-treated cells after DAPI staining, although the difference between the other groups was similar (Fig. 6B) . Double-staining with Annexin V and PI showed that only the 600 mOsm medium significantly increased the percentage of apoptotic cells, which rose from 8.120 § 1.103 in the 270 mOsm group to 26.40 § 1.835 in the 600 mOsm group (P < 0.01) (Fig. 6C) .
At 48 hours after transfection with ATG5 siRNA, cells were exposed to 500 mOsm and 600 mOsm medium for 24 hours. As shown in Fig. 6(E, F) , there was no influence of ATG5 siRNA www.tandfonline.com 871 Cell Cycle on apoptosis or cell viability in the 270 mOsm medium. However, autophagy-deficient cells had a significantly higher percentage of apoptotic cells than did wild-type cells exposed to the same hyperosmotic stress (P < 0.05) (Fig. 6D, E) . In terms of cell viability, silencing of ATG5 significantly exacerbated cell death induced by hyperosmotic stress at 24 and 48 hours after incubation (P < 0.05), although this difference disappeared when the incubation time was extended to 72 hours (Fig. 6F) .
Finally, we investigated the mechanism involved in the association between autophagy and apoptosis. Bax and cytochrome c was increased in hyperosmotic stress-treated cells, however Bcl -2 was decreased (Fig. S4A) . The mitochondrial membrane potential (MMP) was evaluated by 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) staining. MMP was inhibited by hyperosmotic stress, as evidenced by the decrease in the ratio of red to green fluorescence (JC-1 aggregates to JC-1 monomers) (Fig. S4B) . Consistent with the widelyreported role of Ca 2C in the change in mitochondrial polarization state, 32 BAPTA-A was able to partly reverse the decrease in MMP, demonstrating the involvement of Ca 2C in hyperosmotic stress-induced apoptosis. However, silencing of ATG5 enhanced green fluorescence in cells subjected to hyperosmotic stress (Fig. S5) , suggesting that mitochondria might be the target of autophagy in the process of cell protection.
Discussion
Hyperosmotic stress is a well-recognized microenvironmental factor contributing to IDD, 33 therefore, the current research into the response and adaption of notochordal cells under such stimulation might provide some clues to therapy for IDD. The present study first demonstrated a dose-and time-dependent increase in autophagy level in rat notochordal cells exposed to hyperosmotic pressure. This stress provoked a similar level of autophagy in notochordal cells to that induced by rapamycin, and an increase in autophagic flux was demonstrated by the increase in LC-3 II level after co-treatment with Bafilmycin A1 and 600 mOsm medium. Secondly, we found that intracellular Ca 2C , AMPK, and mTOR participated in autophagy activation under hyperosmotic pressure. As indicated by previous studies, 15, 16 hyperosmotic stress activates apoptosis, which might be mediated by intracellular Ca 2C -induced mitochondrial dysfunction. Finally, inhibition of autophagy by targeted silencing of ATG5 exacerbated apoptosis, reduced cell viability, and led to SQSTM1/P62 protein accumulation in notochordal cells. All of this evidence indicated that autophagy might be a cellular adaptation for notochordal cells under hyperosmotic condition.
Because autophagy is a mechanism controlling cellular homeostasis by self-digestion using lysosome enzymes, an increasing number of papers have shown a protective role of autophagy under stress. 34 In osteoarthritis, autophagy is regarded as the principal mechanism responsible for cartilage and cellular homeostasis, although its negative and positive effect on osteoarthritis both have been reported. 35, 36 Appropriate autophagy activation by rapamycin can even retard the progression of osteoarthritis in rats. 37 Notochordal cells and chondrocytes, both long-lived post-mitotic cells, have to rely on autophagy when confronted by stress during aging and degeneration. 38 Consequently, autophagy was elevated in the NP of aged rats. 4 However, duo to the dural roles of autophagy in cell survival and death, it is so important and yet so difficult to control the degree of autophagy in notochordal cells, especially in vivo. In mice, autophagy activated by daily intra-peritoneal injections of rapamycin at 1 mg/kg body weight/dose was reported to protect osteoarthritis. 37 Whereas, how to activate autophagy and the appropriate level of autophagic activation in discs were not described in the recent papers. In order to accurately measure and control autophagic level in vivo, transgenic mice with green fluorescent protein fused to LC3 (LC3-GFP) were generated and might provide more convenience and assistance to researchers. 39 In our study, hyperosmotic pressure, a major stress in disc tissue, increased the autophagy level in notochordal cells analyzed by several different methods, namely MDC and LysoTracker Red staining, TEM assessment, and Western blotting for LC3, Beclin-1, and SQSTM1/P62. Importantly, autophagy was activated as early as 6 hours after exposure to 600 mOsm, with the highest level at 12 hours and a gradual decrease at 18 and 24 hours. However, apoptosis was activated after 24 hours of exposure, and the percentage of apoptotic cells increased continuously as the exposure time increased. The different activation times suggested that early exposure might promote autophagy to adapt to stress; however, when the stress is prolonged and becomes more severe, apoptosis is activated, leading to irreversible cell death. Sasaki et al. 40 also suggested that autophagy can be increased in osteoarthritis during the initial degenerative phase, whereas autophagy declined as the cartilage degeneration became severe.
Generally, the autophagic pathways include mTOR-dependent and mTOR-independent pathways; however, the upstream molecules of mTOR have recently been investigated extensively. 41 Intracellular Ca 2C , a second messenger, has dual roles in regulating autophagy and apoptosis, and its level can be increased via Ca 2C influx from intracellular stores or the extracellular space. 24 Our previous study showed that [Ca 2C ]i transiently released from Ca 2C intracellular stores contributed to endplate chondrocyte apoptosis in an acidic environment. 42 In the present study, EGTA, BAPTA-AM, and U73122 all inhibited the transient Ca 2C influx, implying that both the intracellular and extracellular pathways are involved in the increase of [Ca 2C ]i in notochordal cells exposed to hyperosmotic stress. We also found that BAPTA-AM, a rapid intracellular Ca 2C buffer, inhibited LC3-II expression, indicating that [Ca 2C ]i mediates autophagy activation. Corroborating these results, BAPTA-AM had no www.tandfonline.com 873 Cell Cycle effect on basal autophagy level, although other studies have reported that it has inhibitory and stimulatory effects on autophagy. 43, 44 AMPK, an important metabolic sensor, is comprised of a, b, and g subunits, and is crucial to regulate cell response to metabolic stresses. 45 To regulate energy metabolism under stress, including hyperosmotic conditions and starvation, 46 AMPK is activated and then inhibits mTOR, leading to autophagy activation. Inhibition of mTOR was shown to change mRNA translation and cell metabolism. 46 Consistent with previous research, we found that hyperosmotic stress activated AMPK and inhibited p70S6K. BAPTA-AM could partly attenuate the decrease in phosphorylation of p70S6K, suggesting that intracellular Ca 2C is involved in the activation of AMPK/mTOR pathway.
Induction of apoptosis in response to hyperosmotic stress has been found in a number of different cells, including chondrocytes and ovary cells. 16, 47 Apoptosis contributes to the development of IDD, which could be activated via the death receptor, the mitochondrial, and the endoplasmic reticulum pathway by various types of stimulations. 48 Mitochondrial dysfunction, including the decrease of MMP and mitochondrial permeability transition (MPT), as well as the release of cytochrome C, triggers caspase activation, leading to apoptosis. 49 In the present study, we found that 600 mOsm increased Bax and cytochrome c, and decreased Bcl -2 and MMP in notochordal cells, suggesting that the mitochondrial pathway might be involved in hyperosmotic stress-induced apoptosis. Furthermore, chelation of intracellular Ca 2C by BAPTA-AM partly attenuated the decrease in MMP, demonstrating that Ca 2C might mediate the mitochondrial dysfunction. To the best of our knowledge, this is the first report demonstrating that the mitochondrial pathway is involved in apoptosis induced by hyperosmotic stress in notochordal cells. In addition, we showed that hyperosmotic stress could enhance apoptosis and autophagy simultaneously, although their activation time was different.
To reveal the relationship between autophagy and apoptosis, autophagy was inhibited by knocking down ATG5 using RNAi technology. ATG5-deficient cells showed decreased LC3 II and increased SQSTM1/P62 expression, demonstrating that the autophagy process was directly blocked and that SQSTM1/P62 was accumulating in notochordal cells under hyperosmotic stress without autophagic degradation. Moreover, autophagy-deficient cells showed reduced cell viability and an increased percentage of apoptotic cells, suggesting that appropriate autophagy protected cells under hyperosmotic stress. How can autophagy regulate cell viability and apoptosis? Autophagy maintains mitochondrial integrity and even allows engulfment of impaired mitochondria, 50 which might be a target for apoptosis regulation by autophagy in such an environment. In our research, we found that autophagydeficiency worsened the decrease of MMP induced by hyperosmotic stress, partly confirming this hypothesis.
Hyperosmotic stress activated a series of changes in notochordal cells, but what is the receptor mediating these alterations? Transient receptor potential vanilloid 4 (TRPV4) was indicated as a mechanosensor responsible for the effect of hyperosmotic stress in chondrocytes. 51, 52 Importantly, knocking out this channel abolished the transient [Ca 2C ]i change, suggesting that TRPV4 mediation of the change in intracellular Ca 2C might be the first step of this series of changes. Therefore, further research is required to explain whether TRPV4 mediates autophagy activation in notochordal cells, which might be a therapeutic target to treat IDD.
In conclusion, our studies revealed that hyperosmotic stress could induce autophagy in a dose-and time-dependent manner. Transient [Ca 2C ]i influx was stimulated by hyperosmotic conditions, and inhibition of [Ca 2C ]i abolished the increase in LC3-II under hyperosmotic conditions. Hyperosmotic stress activated AMPK and inhibited p70S6K, but chelation of intracellular Ca 2C partly attenuated the decrease in p70S6K. Notochordal cells under hyperosmotic stress showed apoptosis and a decline in cell viability. Inhibition of autophagy was achieved by targeted knockdown of ATG5, which led to accumulation of SQSTM1/ P62, increased apoptosis, and decreased cell viability, suggesting a protective role of autophagy under such an environment. Based on previous findings, we propose a mechanism by which hyperosmotic stress induces autophagy and apoptosis (Fig. 7) . Because notochordal cell death in a hyperosmotic environment contributes to the development of IDD, it is reasonable to infer that autophagy activation in vivo might retard the progress of IDD, which will be investigated in our future research. In addition, receptors of hyperosmotic stress, which might be a promising target of IDD treatment, will also be investigated.
Materials and Methods
The experimental animal protocol was approved by the Animal Care and Use Committee of Fudan University. 
Reagents and antibodies
The reagents and drugs, type II collagenases, MDC, NaCl, rapamycin, EGTA, Bafilomycin A1, BAPTA-AM, and U-73122 hydrate were purchased from Sigma Aldrich (St. Louis, MO, USA). The protein extraction and measurement reagents, LysoTracker Red, fluo3 acetoximethylester (fluo3-AM), JC-1, DAPI, and Annexin V-fluorescein isothiocyanate (FITC)/ PtdIns were obtained from Beyotime (Shanghai, China). Pluronic F-127 was bought from Biotium (Hayward, CA, USA). The primary antibodies against Beclin-1, SQSTM1/P62, b-actin, AMPK and p-AMPK were bought from Abcam (Cambridge, UK), and antibodies of microtubule-associated protein 1 light chain 3 B (LC3B), p70S6K, p-p70S6K and ATG5 were purchased from CST (Massachusetts, USA). All cell culture reagents were acquired from Hyclone (Utah, USA).
Notochordal cell culture Forty Sprague-Dawley (SD) rats from department of laboratory animal science, which were 3 months old and about 250 g in weight, were used. As described in our previous paper, 53 the gel-like NP tissue was separated from the lumbar disc under a surgical microscope. To avoid cell infection, SD rats were euthanized by asphyxiation, and immersed in 75% alcohol for 10 minutes before this operation. The tissue was digested with 0.1% collagenase II for 4 hours, and then filtered through a 70mm commercial filter. Notochordal cells were cultured with high glucose Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells at passage 2 were used for the following investigation.
Experimental design
The osmotic pressure of DMEM obtained from Hyclone was 270 mOsm (control medium), and it was modified to give 300, 400, 500, and 600 mOsm DMEM by adding NaCl to the medium, which was measured with a Vapro vapor pressure osmometer (model 5500, Wescor, USA). For all experiments, the pH of the medium was maintained at 7.4 § 0 .2 to exclude the influence of acid. The dose-dependent and time-dependent effects of osmotic stress on autophagy and apoptosis were assessed. In order to detect autophagy flux, 10 mM rapamycin and 0.1 mM Bafilomycin A1 were used to treat cells 1 hour prior to osmotic stimulation. When exploring the involvement of intracellular Ca 2C , BAPTA-AM, EGTA and U73122 were utilized to chelate the cytosolic Ca 2C , to chelate the extracellular Ca 2C and to inhibit phospholipase C (PLC) respectively. They were added into medium 1 hour prior to osmotic stimulation. Before all the above stimulations, the cells were cultured with 1% FBS DMEM for 12 hours. All the following tests were performed at least 6 times.
Cell counting assay
Notochordal cells were placed in 96-well plates and treated with increasing osmolalities for 24 hours. Then these cells were incubated with 10 ml CCK-8 reagent (Dojindo, Tokyo, Japan) for 1 hour in a culture chamber. Absorbance of the cells exposed to hyperosmotic stress was normalized to the absorbance of cells exposed to 270 mOsm, which was measured at 450 nm.
Autophagy related gene 5 (Atg5) siRNA for inhibition of autophagy Atg5, a key protein for autophagosome formation, is the common target to inhibit autophagy by the technology of RNA interfering. 40 The sequences of small interfering RNAs (siRNAs) are shown in Table S1 . These base sequences were designed previously 54 and synthesized by GenePharma (Shanghai, China). We used lipofection to deliver 100 nmol/L ATG5 siRNA into notochordal cells using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. In order to analysis the transfection efficiency, cells transfected by control siRNA labled with a reporter dye FAM (6-carboxy-fluorescein) were observed under fluorescence microscope (Fig. S2A and B) . 48 hours after transfection, the expression of ATG5 protein and ATG5 mRNA were determined, and notochordal cells were treated with different stimuli as described in experimental design. In order to confirm the success of silencing, notochordal cells were analyzed by Western blotting and Real-time PCR. The primers of ATG5 are shown in Table S2 .
Monodansylcadaverine (MDC) staining MDC staining has been widely reported to label autophagic vacuoles in vitro. 55 Following the relevant stimulation, notochordal cells were incubated with 0.05 mM MDC without paraformaldehyde fixation in 24-well plates for 30 minutes at 37 C. These cells were washed with phosphate buffer solution (PBS) 3 times and observed using a fluorescence microscope with a UV filter to detect autophagic vacuoles.
LysoTracker Red staining for lysosomal activity Following each treatment, these same 24-well plates were rinsed 3 times with fresh medium, then these cells were incubated with 66nM Lyso-Tracker Red for 30 minutes at 37 C, washed with PBS, and observed under fluorescence microscopy with a green excitation filter. In order to detect the co-staining of MDC and LysoTracker, notochordal cells were stained with MDC for 15 minutes first, followed by a co-staining with a fresh supply of MDC plus LysoTracker Red for another 30 minutes. The same cells were loaded with MDC and Lyso Tracker Red simultaneously.
Western blotting
Cold PBS was used to stop each treatment. Total protein was extracted using RIPA buffer and 1 mM phenylmethanesulfonylfluoride (PMSF), followed by measurement of protein concentration using a BCA Protein Assay Kit (Beyotime, Shanghai, China). An aliquot (30 mg) was separated by SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked with 5% non-fat milk, and then incubated with the primary antibodies overnight at 4 C. All of the primary antibodies were diluted to 1:1000 with the exception of b-actin, which was diluted to 1:2000. The corresponding HRP-conjugated secondary antibodies combined with the primary antibodies, and enhanced chemiluminescence (ECL plus kit; Beyotime, Shanghai, China) plus was used to detect protein expression with an ECL detection system (PerkinElmer, USA). AlphaEaseFC 4.0 software was used to analyze protein band intensity.
Immunofluorescence
To detect LC3 and SQSTM1/P62 expression in notochordal cells by confocal microscopy, cells were cultured in cover glassbottom dishes. Notochordal cells were fixed with 4% paraformaldehyde for 10 minutes. For SQSTM1/P62, notochordal cells were incubated with 0.2% Triton X-100 for 15 min, and for LC3, ice-cold 100% methanol was used to treat cells for 10 min at -20 C. Cells were blocked with 5% bovine serum albumin, then incubated with primary antibodies (SQSTM1/P62 and LC3, diluted to 1:100 and 1:50, respectively), then with FITCconjugated second antibodies. These Cells were labeled with DAPI for 5 minutes. Finally, cells were observed under an inverted confocal microscope (Nikon Japan) .
Transmission electron microscopy Cells in the culture flasks were fixed with 2.5% glutaraldehyde overnight. The cells were post-fixed with 2% osmium tetroxide, block-stained with 2% uranyl acetate, dehydrated in an acetone series, and then embedded in Epon 812. Using semi-thin sections stained with Toluidine Blue as reference, the cells were cut into ultra-thin sections and observed under a transmission electron microscope (TEM) (Hitachi, Japan).
Measurement of intracellular Ca
2C level Notochordal cells were loaded with 4 mM fluo3-AM to detect the change of intracellular Ca 2C under an inverted confocal laser scanning microscopy (Nikon Japan), as described previously. 42 Cells cultured in cover glass-bottom dishes were incubated with 4 mM fluo3-AM and 0.02% Pluronic F-127 for 45 minutes, and rinsed 3 times with PBS. Confocal microscopy with excitation and emission wavelengths of 488 nm and 525 nm, respectively, was used to detect fluorescence intensity. By sketching the contour of the whole cell, the fluorescence signal and image was captured every 20 seconds, and this procedure continued for 1,200 seconds. At about 20 seconds, the 600 mOsm medium (with or without 100 mM BAPTA-AM, 1 mM EGTA and 10 mM U73122) was immediately injected into the dishes with a pipettor. The signal of at least 20 different cells in the dishes was acquired each time. The fluorescence signal was analyzed by the LSM 5 Image software. F 0 was the basal fluorescence signal, and DF was the difference between the experimental and basal signals. The equation DF /F 0 was used to express the relative level of intracellular calcium.
DAPI staining
Notochordal cells were fixed with 4% paraformaldehyde for 15 minutes at 4 C and rinsed 3 times with PBS, followed by incubation with DAPI staining solution for 5 minutes. The nucleus changes were observed under a fluorescence microscope with a UV filter.
Flow cytometry analysis
An Annexin V-FITC/PI staining kit was used to detect the percentage of apoptotic cells, according to the manufacturer's protocol. Notochordal cells were digested with 0.25% Trypsin and centrifuged (1000g for 5 minutes), followed by incubation with Annexin V-FITC for 10 minutes, and then PtdIns for 10 minutes at [20] [21] [22] [23] [24] [25] C. Stained cells were quantified by flow cytometry (FACSCaliber; Becton Dickinson, Heidelberg, Germany).
Statistical Analysis
All experiments were carried out at least 6 times. Data were expressed as mean § SD . The SPSS statistical software program (version 15; SPSS Inc., Chicago, IL, USA) was used to perform the statistical analyses. The differences between the groups were evaluated by one-way analysis of variance (ANOVA) and Tukey test to explore the differences between the 2 groups. The differences were considered to be statistically significant at an error level of P < 0.05.
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